This paper is devoted to studying of dispersion of waves in the magnetized plasma with the spin and exploring of new methods of the generation wave in the plasma. We consider the dispersion of waves, existed in the plasma in consequence of dynamic of the magnetic moments. It is shown there are nine new waves in the magnetized plasma because of the magnetic moments dynamic. We show there are instabilities at propagation of the neutron beam through the plasma. Increments of instabilities caused by neutron beam are calculated. For studying of this effects we generalize and use the method of the many-particle quantum hydrodynamics. Described processes can play important role at calculation of the stability and the safeness of the nuclear reactors and the studying of the processes in the atmosphere of the neutron stars.
I. INTRODUCTION
In plasma physics the effect of generation of waves by means of an electron beam is well known [1] - [3] and some aspects of this problem have been studied [4] - [11] . The self-consistent electromagnetic interaction of the electrons of the beam with the electrons and ions of the plasma plays a crucial role. The increasing of an amplitude of collective oscillation arises. At these processes the generation of waves takes place in both cases at the propagation of the beam through the plasma and at the propagation of the beam along a space-limited medium due to the long-range electromagnetic interaction.
Plasma is the isotropic medium. At presence of the uniform external magnetic field the preferential direction is arisen -the direction of the external magnetic field. In this case the properties of the plasma change essentially. Dispersion dependence of waves changes. Besides new types of waves emerge. The dispersion properties of these waves essentially depend on the angle between the direction of the wave propagation and the direction of the external magnetic field.
In our work we consider the plasma in an external uniform magnetic field. We regard the motion of both the electrons and the ions. We pay attention to the spin of particles, more precisely their magnetic moments. The dynamic of magnetic moments leads to change in the dispersion dependence of excitations, which exist in the plasma at the absence of magnetic moments. It also leads to arising of new waves. The two waves arise at propagation along the external magnetic field and the four waves emerge at propagation perpendicular to the external field.
Special attention, we give to the process of the interaction of a neutron beam with the plasma. Neutrons have magnetic moment. Consequently, they can interact with the spins and the currents in the plasma by means of the collective magnetic field. In that process, the beam of neutrons transfers energy to the plasma and generates waves. We focus our attention on case when the neutron beams moving in the direction of the external magnetic field. We also consider an opportunity of generation of the waves which propagate along the external magnetic field.
In last years there have been a lot of papers devoted to influence of spin on dynamic of the plasma. Brief review of this studies is presented in Ref.s [12] [13] [14] . Recently, the quantum kinetic studying of the waves in the plasma was made [15] . Contribution of the semi-relativistic effects was studied there. Another examples of derivation of the quantum kinetic equation are considered in Ref.s [16, 17] .
Moreover, we make further development of the method of investigation of similar problem, which is called the many-particle quantum hydrodynamics.
The Vlasov kinetic equation or the corresponding hydrodynamic equations for system of charged particles is used in the classic physics at investigation of plasma properties.
Consistent investigation of dynamics of magnetic moment or spin of particles expects of the quantummechanical description. Consequently, we derive equations of the collective quantum motion. We obtain them from the many-particle Schrodinger equation. They arise in the form similar to the hydrodynamics equations. Therefore, the developing method is called quantum hydrodynamics (QHD). For the first time, for many-body system, this method was proposed in paper [18] . Its generalization for the system of spinning particles was made in Ref. [19] . Another method of derivation of the QHD equations is proposed in paper [20] . Relativistic generalization of this approximation was made in Ref. [21] . We study the contribution of the spin-current and the spin-orbit interactions. The spin-current interaction is the interaction between the moving charge and the motionless spin, more precisely magnetic moments. The spin-orbit interactions is the interaction between the motionless charged particles and the moving spin. For the system of two particles one of the described interactions could be exclude. We can make it by using appropriate frame. But for many-body system we need to consider both of them. The system of the quantum hydrodynamic equations in the self-consistent field approximation looks like the same obtained from the Schrodinger equation for one particles in external field. The many-body QHD contains a quantum correlation. We do not consider correlation in this paper. Good example of calculation of the correlations is presented in Ref. [22] , where evolution of neutral quantum particles is studied. In this case there is no self-consistent field and interaction determined by the correlations only.
We make further development of fundamental results obtained in Ref.s [19] and [23] . We generalize method of the QHD [19] including the spin-current and the spin-orbit interactions along with the spin-spin and the Coulomb interactions between particles. Effect of increasing of instabilities at the propagation of the neutron beam through the magnetized plasma was predicted in [23] . Magnetic moment of the neutron plays crucial role in this effect. This effect is consequence of the spin-spin and the spin-current interaction between the spins of the beam and the spin and current of the plasma. Here we study the influence of the spin-orbit interaction on the described effect. This effect can be called the effect of the resonant interaction of the neutron beam with the plasma. In the part of the paper, where we consider the propagation of the beam through the medium, we bound oneself by the case there both the beam and waves propagate along the external magnetic field.
We are interested in instabilities which arise at interaction of the beam with both the well-known magnetoplasma and the recently predicted waves [24] , [25] . In this work we do not present the amendments, caused by the spin, in the dispersion of the well-known waves. Readers who are interested in this subject see Ref.s [12] and [24] . This paper is organized as follows. In Sec. II we present the system of the quantum hydrodynamic equations. In Sec. III we describe the method of solving of the equations for the case of linear excitations. In Sec. IV we study dispersion of new type of waves in the plasma caused by dynamic of magnetic moments. We examine the waves propagated along the external magnetic field. We research propagation of the neutron beam through the plasma. We consider interaction of the beam with both the well-known plasma waves and the new waves caused by spin dynamics. We show existence of instabilities in this case and calculate the increments of the instabilities. In Sec. V we consider waves propagated perpendicular to the external magnetic field. We interested in dispersion of waves caused by spin dynamics. In Sec. VI the dispersion of the spin waves is obtained. We make special attention for the spin waves dispersion in the whole k space. In Sec. VII we present the brief summary of our results.
II. THE MODEL
The equations of quantum hydrodynamic are derived from the non-stationary Schrodinger equation for system of N particles:
The following designations are used in the equation (1):
n,ext -the potentials of the external electromagnetic field,
, and G nk = 1/r nk , -is the Green functions of the Coulomb interaction, ψ(R, t)-is psi function of N particle system, R = (r 1 , ..., r N ), e n , m n -are the charge and the mass of particle, -is the Planck constant and c is the speed of light. We consider the interaction between particles and action of the external electromagnetic field on them.
The method of the QHD is based on the Schrodinger equation, which is the non-relativistic. But the Schrodinger equation allows to account the semi-relativistic amendments, accurate to v 2 /c 2 . In this work we interested in the spin-spin, the spin-current and the spin-orbit interactions along with the Coulomb interaction. In this section we present the Hamiltonian included the Coulomb interaction only. We made it for simplicity. Resulted equations, see below in this section, contain all described interactions. Whole Hamiltonian is presented in the Appendix.
Here we briefly present the basic steps of derivation of the QHD equation. More detailed description of derivation of the many-particle QHD equations can be find in [19] .
The first step in derivation of equations of the QHD is a definition of concentration of particles. We determine the concentration of particles as quantum-mechanical average of the operator of concentration:
This function is the microscopic function of concentration in classic physics, δ(r)-is the Dirac's δ-function.
In that way, the concentration has form:
where dR = N n=1 dr n .
Differentiating the concentration with respect to time, using the Schrodinger equation and evident form of the Hamiltonian, we obtain the continuity equation:
In that equation a function of current j(r, t) = n(r, t)v(r, t) is arisen, where v(r, t)-is the velocity field.
Differentiating the function of current with respect to time, we obtain the momentum balance equations, this equation is an analog of the Euler equation:
where E and B are the electric and magnetic fields, M is the density of magnetic moments, ε αβγ -is the antisymmetric symbol (the Levi-Civita symbol), p αβ is the kinetic pressure tensor.
Terms which proportional to 2 is the quantum Bohm potential, they appear as a result of using of quantum mechanics. In right-hand side of equation (4) a force field locates. The force field consists of the Lorenz force, force of interaction of spins with magnetic field and spin-orbit interaction. Form of force which act on the magnetic moments is differ from analogous in the mechanics, which has the form of F mec = (M∇)B.
The force field for the spin-orbit interaction F s−o arises in the form:
where J αβ M (r, t) -is the tensor of current of magnetic moment.
In this paper we obtain contribution of the spin-orbit interaction in the Euler equation and equation of balance of magnetic moment.
The equation of evolution of the magnetic moment is:
This equation is analog of the Bloch equation. Last term is the contribution of the spin-orbit interaction. This equations take place for each species of particles. They connected by means of the Maxwell's equations: ∇B(r, t) = 0, ∇E(r, t) = 4π a e a n a (r, t) ,
where subindex "a" describe the kind of particle: electrons, ions and neutrons. The tensor of the magnetic moments flow J αβ M may be approximately presented in the form
. This is true if we do not consider the thermal motion of magnetic moments.
III. DISPERSION EQUATION
We consider the small perturbation of equilibrium state like n a = n 0a + δn a , E = 0 + E ,
here δ αβ -is the Kronecker symbol, χ a = κ a /ν a is the ratio between the equilibrium magnetic susceptibility κ a and magnetic permeability ν a = 1 + 4πκ a . In the case there κ a ≪ 1 we have χ a ≃ κ a . In equations (8) is the Fermi velocity. Substituting these relations into the system of equations (3), (4), (6) and (7) and neglecting by nonlinear terms, we obtain a system of linear homogeneous equations in partial derivatives with constant coefficients. Passing to the following representation for small perturbations δf δf = f (ω, k)exp(−ıω + ıkr) yields a homogeneous system of algebraic equations. The electric field strength is assumed to have a nonzero value. Expressing all the quantities entering the system of equations in terms of the electric field, we come to the equation
Since the amplitude of the electric field is not equal to zero we have the dispersion equation
Det Λ(ω, k) = 0. We do not present the explicit form of Λ αβ (ω, k) because of its largeness.
IV. THE WAVES PROPAGATED PARALLEL TO MAGNETIC FIELD
In the absence of the neutron beam we have the magnetized plasma of particles with magnetic moment. Dispersion equation have two new solutions:
and
In this equation a follows notation is used ω 2 La = 4πe 2 a n 0a /m a -is the Langmuir frequency, Ω c = e c B 0 /(m c c) that two parameters it is the cyclotron frequency which arise from the motion of the charge e c and the magnetic moment in the external magnetic field B 0 correspondingly, γ a is the gyromagnetic ratio, for example, for neutrons γ b = −1.91µ nuc , where µ nuc is the nuclear magneton.
The frequency dependence of this waves is located around the electron or the ion cyclotron frequencies.
In the absence of the plasma we can obtain dispersion relations for the eigenwaves in the neutron beam. There are three solutions:
here and below λ is equal to 1 (λ = 1) and indicate the contribution of the spin-orbit interaction, W γa = χ a Ω γa , Ω γa = 2γ a B 0 / , for charged particles we can use equality Ω γa = Ω a .
Formulas (12) is a dispersion relation for the light which propagates through the neutron beam. Solution (14) arises in consequence of the spin-orbit interaction. Now we consider the resonance interaction of mode of beam (13), (14) with waves in the plasma. We present results both for well-known waves and for the waves obtained in this paper.
First of all, we illustrate this effect on example of the fast magneto-sound wave. Let us consider the generation of the fast magneto-sound wave. The condition of the resonance interaction of the fast magneto-sound wave and beam mode with dispersion presented by formula (13) is ω 0 = k z U z + Ω γb . Under this condition instabilities are arisen, increment of instabilities is presented by formula
where ω 0 = ω 0 (k z ) -is the dispersion dependence of the fast magneto-sound wave in the absence of beam. For the fast magneto-sound wave where is ω 0 (k) ⊂ (0, | Ω e |) and
Resonance interaction of the wave (11) with beam mode (13) on condition Ω i (1 + δΩ/Ω i ) = k z U z + Ω γb lead to the instability with
the dispersion dependence of the Alfven wave in absence of the beam, ω A (k) ∈ (0, Ω i )) there is the generation of the Alfven waves (17) at resonance with the beam mode (13) .
In the case | Ω e | (1 + δΩ/ | Ω e |) = k z U z + Ω γb there is the resonance interaction of the wave (10) with the beam mode (14) leading to the frequency shift
(18) For the dense plasma and conditions k (18) becomes imaginary, since condition for instabilities fulfills.
V. PROPAGATION OF WAVES PERPENDICULAR TO MAGNETIC FIELD.
In the case of the waves propagation perpendicular to the external magnetic field we consider only the propagation of waves and do not consider the interaction with the beam. We show the four new wave solutions arise in this case. Dispersion dependence of obtained waves has form:
In this paper we also report about another two solutions. In approximation of motionless ions one of presenting waves has follows dispersion relation
where
Formulas (19), (20) and all obtained in this paper solutions exist only under the conditions χ a = 0. They arise from dispersion equations containing new term proportional to χ a .
VI. SPIN WAVES
Spin waves are the waves in which a perturbation of the electric field has no influence on process of the wave propagation. This waves propagate by means of the magnetic field.
Static magnetic field does not cause the electric field. When we consider a motion of charges or magnetic moments the magnetic field changes, it should lead to arises of the electric field according to the Maxwell's equations. At slow particles motion the magnetic field changes slowly. So, we can neglect the electric field which appears due to magnetic field changes. Charges also bring the electric field, but we suppose it give no contribution in the wave propagation. As a result we put the electric field in the set of equation equal to zero. If we put charge of particles equal to zero we get quasi-magnetostatic spin waves [26] - [28] . But in our paper we include a contribution of the charges.
Thus, for spin waves the amplitude of the electric field of wave E = 0, whereas the magnetic field in the wave is nonzero, B = 0. In system of equations (4) and (6), we assume E = 0, and obtain the following equation:
From equation (22) we have dispersion equation
We do not present explicit form of this equation because of its largeness. Explicit form of the matrix Π αβ (ω, k) is presented in [24] . Here we consider influence of the spin-orbit interaction. This interaction realized by means of electric field. Consequently, there is no contribution of spin-orbit interaction in (22) . In fact, we consider the equation obtained earlier [24] . But, we present more detailed analysis of this formula. Propagation of spin waves along the direction of the external magnetic field was considered in [24] .
Here we study propagation of the spin waves in the whole k space. There are three solutions of dispersion equation detΠ = 0 for the case of the spin waves propagating parallel to the . We consider the dense plasma. Therefore, the quantity fe is order of 10 2 -10 3 . Thus, we consider ξ like a function of k (via fe) and cos θ: ξ = ξ(fe, cos θ). The parameter χ has a following values. For the first case (blue surface) χ = 1.5 and in the second case (red) χ = 0.002. direction of the external magnetic field. Two solutions are the oscillations with constant frequencies:
At m e χ i = m i χ e the solution is
(25) This formula represents the dispersion of the selfconsistent spin waves in the system of the electrons and ions with nonzero intrinsic magnetic moments.
Neglecting the quantum Bohm potential (the terms proportional to 2 ), from (25) we get ω =ṽ sp k,
andṽ sp do not depend on wave vector k.
Let us consider the spin waves in the whole k space. Further we write the evident form of the dispersion equation (23) . We consider the terms proportional to the magnetic susceptibility χ a in the first and the second degree. The dispersion equation is
Equation (26) is the equation of the fifth degree of ω 2 . The quantity χ a is much less than 1: χ a << 1. Consequently, in the simplest case, we neglect the terms proportional to χ 2 a , in comparison with the terms proportional to χ a . We obtain equation of the third degree of ω 2 . 27) or in the explicit form
e , θ is the polar angle: cos θ = k z /k and k = k 2 z + k 2 ⊥ . Equation (28) is the third degree in ξ and we can not obtain analytical solutions of this equation. Consequently, we present it's numerical solution on Fig. (1) . We consider two type of material, the first one with close values of χ e and χ i and the second one such that χ i ≪ χ e . For one kind of particle there is only one spin mode. It is
Solution (29) is generalization of (24) for whole k space. The terms proportional to χ 2 a have significant contribution in equation (26) at ω 2 −Ω 2 a ≈ 0. In this case we obtain analytical solutions. Subindex a equal e and i. Since we have two wave solutions, for each sorts of particles. For both waves the dispersion relation may be presented in the form:
with a = e, i. For wave with frequency around the electron cyclotron frequency we have
and around the ion cyclotron frequency
where v 2 qsa defined by the formula (21) . Under the condition k ⊥ = 0 solutions (30) and (31) pass to δω = 2πχ e Ω e , for (30) , and
The spin-orbit interaction has no influence on dynamic of the spin waves in the plasma. We investigate the spin waves like waves in propagation of which the electric field take no part. But force of the spin-orbit interaction is proportional to the electric field. Problem of the generation of the spin-waves which propagate parallel to the direction of the external magnetic field was analyzed in [23] .
In this paper we interested in effects existed at propagation of the neutron beam through the plasma parallel to the external magnetic field. In this case there are instabilities of the spin waves, but waves propagated parallel to the external magnetic field, only. Three waves exist at described conditions. Dispersion of this waves presented by formulas (24) and (25) . For the last one there is no instability. For the two solutions (24) we obtain following increments of instabilities.
In the absence of the medium, for the spin waves in the neutron beam we get the dispersion relation.
Under the conditions of resonance kU z + εΩ b = |Ω c |(1 − 4πχ c ), here ε = ±1, the dependence of frequency from wave vector is ω = |Ω c |(1 − 4πχ c ) + δω.
Using substitution (33), we receive δω from the dispersion equation. First of them is
This formula is valid for the electrons at condition ε = −1, and for the ions at ε = +1. Second solution has form
and valid for the ions at ε = −1 and for the electrons at ε = +1. From formulas (34), (35) we see the solution for the ions wave take place just in case paramagnetic ions.
It is the same results we obtained in paper [23] , because the spin-orbit interaction has no influence on the spin waves and their instabilities. Instabilities of the spin waves there are due to the spin-spin and the spin-current interactions. This interaction holds between magnetic moments of the beam and electric currents and magnetic moments of the plasma.
VII. CONCLUSION
In this work we consider the influence of the magnetic moment or spins of particles on dynamics of the magnetized plasma.
We discovered two new waves propagating in the plasma along the external magnetic field. We obtained the four new wave propagating in the plasma perpendicular to the direction of the magnetic field. We studied possibility of existence of the spin waves and obtained the dispersion of the spin waves.
We show existence of resonant interaction of the neutron beam with the plasma. This effect leads to instabilities in the plasma. Consequently, there is generation of the waves in the plasma by means of the neutron beam.
For generation of waves arisen from dynamic of magnetic moments the neutron beam is more useful in compare with the beam of electrons. It is because the beam of electrons, first of all, excites the waves of charge.
APPENDIX
In section II, we present the Schrodinger equation contained only the Coulomb interaction. In this paper we interested in the spin-spin, the spin-current and the spin-orbit interactions. The whole Hamiltonian, used in this work readŝ 
